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The ATP-dependence of folding chamber closure in the 16-subunit homo-oligomeric chaperonin from
archaea Methanococcus maripaludis (Mm-cpn) has been studied by single particle cryo-electron micros-
copy (Zhang et al., 2011). ATP binding alone causes a rigid body rotation of 45 and slight closure of the
cavity, but full closure requires ATP hydrolysis.Allosteric regulation is responsible for the
transitions between different functional
states of proteins in response to changing
conditions. In the case of multimeric as-
semblies, protein conformational change
is often achieved through changes in the
binding states of ligands; oxygen in the
classic haemoglobin tetramer and ATP in
the protein folding machines called chap-
eronins (Horovitz and Willison, 2005). It is
more than fifty years since Max Perutz
proposed a simple rotation model for
haemoglobin a/bdimers upon oxygen
binding, one dimer rotating 15 relative
to the other, but the details of the transi-
tion path followed in going between the
unliganded (T) and tetraoxygenated (R)
structures are still being actively investi-
gated. Using computational techniques,
it has recently been proposed that the
pathway from the T to the R structure is
more complex than the standard model;
the quaternary transition having two se-
quential rotations incompletely coupled
to the tertiary changes (Fischer et al.,
2011).
The analysis of the behaviors of allo-
steric systems requires answers to some
fundamental questions in protein dyn-
amics. During a protein motion event
does the path taken matter and, if so, is
the path strictly sequential or is it, to
someextent or evenmajor degree, aprob-
abilistic trajectory involving parallel path-
ways between states? If there are defined
well-populated intermediates, what do
they look like from a structural perspec-
tive? What are the time constants for the
tertiary and quaternary protein structural
changes?
The chaperonins are as much as fifteen
times larger than the haemoglobin tetra-
mer and can be composed of 14, 16, or754 Structure 19, June 8, 2011 ª2011 Elsevie18 ATP-binding subunits. The early pio-
neering work on the canonical Group I
chaperonin, GroEL/ES, described the
allostery of this system in terms of Perutz-
type rigid body rotations based upon
structure determinations of its ADP and
ATP states by X-ray crystallography and
cryo-electron microscopy (Horwich et al.,
2007). Steady-state kinetic analysis of
initial rates of ATP hydrolysis by GroEL at
different concentrations of ATP led to
a nested allosteric model of cooperativity
in ATP binding by GroEL. The T state has
a low affinity for ATP and high affinity for
unfolded protein substrate, whereas the
R state has a high affinity for ATP and
a low affinity for protein substrate. The in-
traring and interring ATP-allostery of
GroEL is well described by positive and
negative cooperativity type models, res-
pectively (Horovitz and Willison, 2005).
Interring negative cooperativity appears
to be a universally conserved property of
all chaperonins.
The Group II chaperonins are found in
eukaryotes, i.e., TRiC (TCP-1 Ring Com-
plex, also called CCT for chaperonin con-
taining TCP-1) and archaea (i.e. thermo-
some), and display different structural
and functional characteristics compared
with GroEL. They do not have a GroES-
like cap but have a built-in lid that en-
ables encapsulation of the unfolded pro-
tein substrate. It is an important issue to
understand the relationship between ATP
binding and hydrolysis events and lid-
closure in Group II chaperonins and to
establish whether the mechanism(s) are
different to those occurring in GroEL
and the extent to which they are shared
(or not) by all the members of Group II.
There has been controversy whether the
‘‘closed’’ R states are generated by ATPr Ltd All rights reservedbinding alone or whether hydrolysis is
also required. Furthermore, there is strong
evidence that intraring ATP-dependent
transitions in CCT/TRiC are sequential
around the ring rather than concerted as
in the case of GroEL (Horovitz and Willi-
son, 2005).
The group of Wah Chiu has been using
single particle cryo-electron microscopy
to investigate the mechanism of folding
chamber closure in the 16-subunit homo-
oligomeric chaperonin (Mm-cpn) from
archaeaMethanococcus maripaludis (Re-
issmann et al., 2007, Booth et al., 2008,
Zhang et al., 2010). In conjunction with
crystal structures of Mm-cpn in open and
closed states (Pereira et al., 2010), the
aim was to generate structural snapshots
of the chaperonin in different functional
states and relate these to the prevailing
nucleotide state/occupancy of the various
states. Their latest study, published in a
recent issue of Structure, reports the
structure of an Mm-cpn variant with an
ATP-site mutation and a missing region
of the lid in its prehydrolysis ATP-bound
state at subnanometer resolution of 8 A˚
(Zhang et al., 2011). The take-home
message is that the structural transi-
tions that correspond to the ATP binding
and hydrolysis steps have now been re-
solved; ATP binding alone causes a rigid
body rotation of 45 and slight closure
of the cavity but full closure is asso-
ciated with ATP hydrolysis. This is con-
sistent with previous kinetic analysis of
Thermococcus chaperonin that ATP bind-
ingdoes inducesomedegreeof lid closure
(Iizuka et al., 2003). Zhang et al., (2011)
conclude that themechanism of structural
changes in Mm-cpn in response to ATP is
entirely different to those found in Group I
chaperonins.
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PreviewsWhere will these new advances in elec-
tronmicroscopy involving automated par-
ticle picking and sorting techniques and
further development of fitting algorithms
lead? Will they ever be able to generate
time-resolved sequences of chaperonins
as they are folding proteins through the
development of stopped-flow electron
microscopy? It is remarkable how slow
chaperonins are at folding proteins;
GroEL takes about 15 s per folding cycle
and eukaryotic chaperonin is even slower,
taking 90 s to fold an actin polypeptide
chain (Stuart et al., 2011). Therefore,
chaperonins are ideal systems for obtain-
ing sequential structural snapshots, as
they are folding protein substrates. There
are several movies attached to the Zhang
et al. paper showing morphs between
the different ATP-free, ATP-bound, andATP-hydrolysis states. Perhaps in the
future ‘‘real’’ movies of Mm-cpn as it folds
human gD crystallin, an experimentally
defined protein substrate of Mm-cpn,
will be made. Could a frame rate of 1Hz
ever be achievable? I would not be sur-
prised if it were.REFERENCES
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